The historical lack of field-based radiographic studies of nonhuman primates within the field of anthropology is likely due to the perceived difficulty of transporting and operating X-ray equipment. Here we present a method for taking lateral cranial radiographs of nonhuman primates in the field that is simple to employ, and that produces exposed films suitable for collection of measurement data useful for growth and development studies, as well as for investigating bone and soft-tissue pathology. Several different X-ray units, film types, and portable power sources were used, all producing suitable images of similar quality, indicating that this methodology is likely not overly sensitive to these important parameters. Am
keys during capture. Data were collected over a 10-week period during the summer field seasons of 1999 and 2000.
Animals were anesthetized prior to data collection with intramuscular injections of Telazol (Fort Dodge Laboratories, Fort Dodge, IA), which is comprised of equal parts of tiletamine hydrochloride and zolazepam hydrochloride. Tiletamine is a disassociative anesthetic and zolazepam is a diazepine derivative tranquilizer used to minimize muscle hypertonicity (Cording et al., 1999) . Telazol is commonly used to immobilize both laboratory and wild primates (e.g., Agoramoorthy and Rudran, 1994; Glander et al., 1991; Olupot, 2000) and is reported to have a wide margin of safety for nonhuman primates with a very low mortality rate, and a low rate of adverse effects (Eads, 1976; Schobert, 1987; reviewed in Cohen and Bree, 1978) We chose Telazol over other commonly used anesthetic agents such as Ketaset (ketamine hydrochloride, Fort Dodge Laboratories) because of the muscle relaxing qualities of zolazepam, which facilitate positioning of the anesthetized animal under the X-ray unit while minimizing the chances of movement during film exposure.
All animals were injected with 3-5 mg/kg 1 of Telazol by hand, using a 3/4 inch, 22-gauge needle and a 1-ml or 3-ml syringe. Body weight prior to administering anesthesia was conservatively estimated based on the perceived size of the animal, and on previous experience. Animals typically recovered within 30 -40 min. As of the 2001 field season, we have safely anesthetized over 270 macaques in Indonesia using this protocol.
Radiography
Equipment. Macaques were radiographed using either model 8020 from Vet-Ray, Inc. (used during the 1999 field season), or the Dynarad model 9150A (used during the 2000 field season) X-ray units. The Vet-Ray unit, typically used by equine veterinarians, is small, measuring only 26 ϫ 19 ϫ 19 cm, and weighing approximately 20.5 kg. This unit requires 220 V of alternating current at 15 Amperes. The Dynarad model measures 39.5 ϫ 29.5 ϫ 22.5 cm, weighs approximately 30.5 kg, and requires approximately 120 V of alternating current at 25 Amperes. This unit was designed for human radiography in an outpatient setting, but its relatively small size and portability also make it useful for primate field radiography. Both units were powered with hand-portable gasoline electric generators purchased either in country or transported to the field from the USA. During the 1999 field season, the Vet-Ray X-ray unit was powered using a Honda EM 1000F 220-V, 1,000-W generator. The Dynarad unit was powered using a Coleman 120-V, 1,850-W model. Standard 8 ϫ 10 inch film cassettes with energyamplifying screens were used. While we used 3M Green RE 400 speed radiographic cassettes, other film cassettes with different speed-amplifying screens might expose film differently. Amplifying screens were needed to reduce exposure times as much as possible. Although screens are desirable for field radiography for this reason, cassettes with screens are more fragile and heat-sensitive during film exposure, yet despite high ambient temperatures and humidity, these screens have performed well during two field seasons in Indonesia. A commercially available light-safe photographic changing bag was used to reload cassettes in the field. Exposed films were stored in a plastic light-safe box. An effort was made to avoid prolonged exposure of the cassettes, as well as the exposed and unexposed films, to direct sunlight or other external heat sources.
Orientation. The X-ray units were suspended from portable tripods such that the aperture of the unit was 0.914 m above the film cassette (Fig. 1) . The location of the film cassette under the suspended X-ray unit was determined using the collimator light. The center of the cassette was aligned to the center of the beam field, as indicated by the cross-hairs of the collimator light. The collimator allows the researcher to narrow or widen the X-ray 1 See Schobert (1987) for taxon-specific dosages. beam to the desired length and width. In order to insure that measurements could be taken from the exposed films, the film cassettes and the aperture must be parallel to each other. This can be achieved easily by leveling both the machine and the film cassette, using a standard line (i.e., bubble) level.
The head of the anesthetized macaque was then placed directly on the film cassette, with care taken not to hyperextend its neck. The midsagittal plane of the animal was oriented so that it was parallel to the leveled film cassette, and therefore to the aperture of the X-ray unit. This was done by propping the head of the animal with pieces of radiotranslucent foam padding, such that the prosthion (pr), nasion (na), and apex (ap) were equidistant from the leveled film cassette. This was achieved by measuring off the leveled cassette to each of the three landmarks, using a ruler. Because measurements were to be taken directly from the radiographic images, a radioopaque 5-cm scale was placed on the cassette, and/or at the same level as the estimated midsagittal plane, adjacent to the positioned head. By recording the distance from the leveled cassette to the estimated midsagittal plane, and between the cassette and the aperture of the X-ray unit, distortion due to parallax can be estimated and corrected for by dividing measurement values taken from radiographic images by the magnification factor (MF). The magnification factor is calculated by dividing the film-to-tube distance (FTD) by the object-to-tube distance (OTD), which in this example is the estimated midsagittal plane (i.e., MF ϭ FTD/OTD). The film-to-object distance is calculated by subtracting the recorded distance from the leveled cassette to the estimated midsagittal plane from the film to tube distance.
Film.
Two different brands of film-to-tube film were used: 1) 3M Ultra Detail Plus Veterinary radiographic film, and 2) Kodak Trimax XLA Plus medical imaging film. The 3M film was used with the Vet-Ray unit during the summer of 1999, while the Kodak Trimax film was used with the Dynarad unit during the 2000 field season. It is important to note that different film types will produce different images for any given exposure, based on that film's speed and emulsion formula. Film types will also vary in their ability to retain the exposed latent image before development. The latent image is formed from the light energy captured by X-ray film after exposure to X-rays and present before chemical processing. Radiographic film will release a greater portion of this latent image energy over time than photographic film. This loss of latent image energy is referred to as regression of the latent image center, or simply as latent image fading. Each film emulsion has its own latent image stability characteristics, which result from the film's characteristic design. Some film emulsion formulas, such as those for mammography film where batch-processing delays are not uncommon, provide for better latent image stability than other formulas.
Because latent image fading results in the loss of image-forming energy, or density, with time, the exposed image may not retain sufficient information for its intended purpose. To determine the extent of this problem, we exposed films of cadaver macaques using the previously described protocol and then developed those films over a period of weeks prior to doing fieldwork. This allowed us to not only determine the desired exposure parameters such as exposure time and energy, but also to determine that the chosen film had sufficient latent image stability.
Film exposure and development. Because any movement of the anesthetized animal, or the X-ray unit due to wind, can distort images, exposure times should be no more than 0.5 sec. We found that film shot at 80 kVp/10 Ma for 0.5 sec (MaS ϭ 5.0) with a film-to-tube distance of approximately 0.914 m produced the best images with the Vet-Ray unit, while film shot at 60 kVp/30 Ma for 0.1 sec (MaS ϭ 3.0) 2 with a film-to-tube distance of approximately 0.914 m produced images suitable for data collection using the Dynarad model. Again, exposure times and settings were determined before data collection in the field. All films were developed using a Konica SRX-101 automated processor 2-10 weeks after exposure.
Occupational health and safety
A personal real-time dosimetry badge was used to assess scatter from the Vet-Ray unit prior to departure for the field in 1999. Despite the determination that scatter from this unit was negligible, we made reasonable attempts to reduce personal exposure by maximizing our distance from the unit while exposing film, and by reducing the amount of time the unit was emitting radiation by minimizing exposure times as much as possible. A personal real-time dosimetry badge was worn by one of us for all film exposures during the 1999 season. Personal exposure during the 1999 field season was negligible (approximate total exposure of 0.8 millirems).
3 Scatter from the Dynarad unit was measured and determined to be safe prior to the 2000 field season. In addition to personal dosimetry and testing units prior to field work, researchers should consider using lead aprons and eye protection while exposing film with X-rays, whether in the field or in laboratory settings.
Analysis
The developed films were evaluated qualitatively by two of us (M.A.S. and L.J.E.) independently. Films were determined to be either suitable for mor-phometric data collection, or not suitable for data collection based on the visible presence or absence of five attributes commonly used in studies of craniometric growth and development: 1) ability to locate the posterior nasal spine (pns), 2) ability to locate the prosthion (pr), 3) ability to locate the sella turcica, 4) reasonably sharp endocranial margins, and 5) visible tooth roots or developing tooth buds. The visible presence or absence of an attribute was scored with a 1 or 0, respectively, and scores were summed over all attributes. Films were scored independently by two observers, not as a test of observer consistency in reading films, but rather to provide a reasonable second assessment of film quality. Films with averaged scores of 3 or greater out of 5 were categorized as adequate for data collection. The films that were determined to be adequate for data collection were further categorized into high, medium, and low quality, based on their averaged score, with an averaged score less than 4 representing low quality, between 4 -5 representing medium quality, and 5 representing high quality. The averages of observer scores were then used for formal comparisons between the two equipment groupings, using a two-sample t-test for unequal variances (Satterthwaite method) and a nonparametric MannWhitney two-sample test.
In order to make some assessment of the accuracy and suitability of this field methodology for morphometric work, we compared measurement values for three craniofacial dimensions taken from radiographic images with the same measurements taken on dry-bone specimens in the field. Orientation of dry-bone specimens was achieved using the same methods for live animals presented earlier. Measurements were taken directly from exposed films and were adjusted to account for parallax. Only those films suitable for data collection (i.e., score Ն3) were assessed (n ϭ 4). Deviation from zero for differences between the adjusted radiograph measurement values and dry-bone values were tested using a t-test. The relationship between film accuracy as measured by mean absolute deviation across measurements for each dry-bone specimen and film score was examined using nonparametric Spearman's correlation.
RESULTS
A total of 66 lateral films of macaque crania was taken in the field (Appendix). Of these, 63 (95.45%) were of a sufficiently high quality for collection of measurement data. Three of the exposed films had average scores below 3 and were determined not to be suitable for data collection. Of those films with average scores equal to or greater than 3, 30.2% (n ϭ 19) were of low quality but acceptable for at least limited data collection (i.e., score ϭ 3 or 3.5), 57.1% (n ϭ 36) were of medium quality (i.e., 4 or 4.5; see Fig. 2 ), and 12.6% (n ϭ 8) were of high quality, with an average score of 5. Although the averaged score distributions for the equipment groupings are visibly different (Fig. 3) , these differences are not statistically significant (Mann-Whitney U ϭ 343.5, P ϭ 0.125). The differences between the mean averaged scores for the Vet-ray (X ϭ 3.68, SD ϭ 0.90), and the Dynarad (X ϭ 4.03, SD ϭ 0.50) equipment groupings were also not significant (t ϭ Ϫ1.59, df ϭ 22.7, P ϭ 0.127).
The differences between dry-bone measurements and those taken from radiographs ranged from Ϫ0.10 mm to Ϫ1.10 mm (Table 1) . When mean absolute differences, or deviations, are compared across the three measurements examined here, upper facial height (pr Ϫ na) is the most inaccurate, with a mean deviation from 0 of 0.750 mm (t ϭ 6.30, df ϭ 3, P ϭ 0.008). Total cranial length (pr Ϫ in) was the most accurate, with a mean deviation of 0.400 mm (t ϭ 3.10, df ϭ 3, P ϭ 0.053). There was little correlation between film score and accuracy as measured by the mean absolute deviation across all three measurements for each skull (r s ϭ Ϫ0.316, P ϭ 0.684).
DISCUSSION
Because we used two different equipment combinations during the 1999 and 2000 field seasons, we cannot determine for certain which of the different parameters of these combinations is responsible for the small but measurable differences in film quality. The 3M veterinary X-ray films exposed with the Vet-Ray unit powered by the 1,000-W, 4.5-ampere generator appeared slightly darker with fuzzier images than the Kodak Trimax XLA Plus medical imaging film exposed with the Dynarad unit powered by the 1,850-W, 15.4-ampere generator. Ironically, the slightly better quality films of the 2000 field season were exposed at lower milliampseconds (i.e., 1999 MaS ϭ 5.0, 2000 MaS ϭ 3.0). The 1999 field protocol, however, used a generator with 850 W less output, likely resulting in the slightly lower quality films. When we compared radiographs taken in the field with those taken in the laboratory using the Dynarad unit powered by a 110-V, 20-ampere standard electrical wall outlet providing 2,200 W of power, 4 the laboratory films appeared sharper and were of higher quality than any of the images exposed in the field with that same unit. This observation supports speculation that electrical output is an important factor in image quality.
Although we did not formally monitor environmental conditions during data collection, there was no noticeable difference between the two field seasons in factors such as temperature and humidity. Consequently, we feel that it is unlikely that the measured difference in film quality is a product of variation in field conditions. Based on our assessment of accuracy by comparing dry-bone and adjusted radiograph measurements, the field methodology presented here appears to be suitable for 2 out of 3 measurements. Measuring upper facial height from radiographs, however, seems problematic when not using highquality images.
Limitations to the methodology
The methodology presented here is subject to several logistical and research limitations. Although transporting radiographic equipment by plane, boat, car, or truck is relatively easy, carrying these units, not to mention a generator, by foot or by pack animal over trails into remote areas would be challenging. Although transport by these means is certainly possible, it would require additional logistical measures to safeguard X-ray units, which are typically heavy and relatively fragile. It is also important to consider that the availability of gasoline in remote areas for operating the generator might be limited.
In addition to these largely logistical limitations, it is important to consider that the criteria used here for determining the suitability of radiographic images for morphometric data collection may not meet the needs of all research protocols. As such, it is important to test radiographic protocols prior to going into the field. The variability in accuracy across the different measurements described in this study (see Table 1 ) underscore the need for testing protocols and illustrates the potential limitations for collecting certain measurements from radiographs.
CONCLUSIONS
The historical absence of field-based radiographic studies of nonhuman primates within the fields of primatology and anthropology is likely due to the perceived difficulty of transporting and operating X-ray equipment. The methodology presented here relies on X-ray units that are portable and easy to use in the field with commercially available film and film cassettes, and portable power sources. This methodology is also useful for radiographic data col- 4 Difference between dry-bone (A i ) and parallax-adjusted radiograph (B i ) measurement values in mm (i.e., A i Ϫ B i ); Pr-In, prosthion Ϫ inion; Pr-Na, prosthion Ϫ nasion; Na-In, nasion Ϫ inion. 5 Averaged film score. ** P Ͻ 0.01.
lection on dry-bone specimens at museums without X-ray facilities. Orientation of anesthetized subjects is simple, requiring only a ruler and line-level. The two equipment combinations incorporating different film types, X-ray units, and power sources both produced exposed films suitable for data collection, suggesting this methodology is probably not overly sensitive to these parameters.
It is important to note that growth studies incorporating field radiography of wild-caught primates avoid the potentially confounding effects of provisioning on patterns of growth and development seen among captive primates (see Dressino and Pucciarelli, 1997 ). In addition, radiographic studies relying solely on captive colonies are restricted taxonomically by what is available. The field methods presented here allow researchers to eliminate these potential limitations to radiographic studies of primate craniofacial growth.
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